Introduction
[2] As the plate boundary, the San Andreas Fault (SAF) accommodates a large portion of the $49 mm/yr relative motion between the Pacific and North American plates [Bennett et al., 1996; DeMets et al., 1994; Meade and Hager, 2005] and hosts many of the large earthquakes in California (Figure 1 ). However, both slip rate and seismicity show large along-strike variations. In northern and central California, up to $34 mm/yr of the plate motion is accommodated by the SAF and some of the closely subparallel faults (California Geological Survey, http://www.consrv.ca. gov/CGS/rghm/psha/index.htm, hereinafter referred to as CGS); most large earthquakes occurred on or clustered to the main trace of the SAF. However, in southern California the relative plate motion is distributed among a complex system of faults. Slip rate on the main-trace of the SAF drops to 24 -25 mm/yr (CGS). Recent estimates based on GPS and seismicity [Becker et al., 2005] indicate low slip rate on the Big Bend segments of the SAF: 15.7 ± 12 mm/yr for the Mojave segment, 11 ± 12 (combined normal and strike-slip components) for the San Bernardino Mountains segment. Seismicity in southern California is much diffuse, with many of the large earthquakes occurred off the maintrace of the SAF.
[3] Although along-strike variations of seismicity and slip rate may have numerous causes, such as stressing rate [Parsons, 2006] and distribution and properties of active secondary faults [Bird and Kong, 1994] , a particularly important cause may be the geometry of the SAF, especially the Big Bend, a $25°counterclockwise bending in southern California (Figure 1 ). Numerous studies have suggested that a non-planar fault geometry may have significant impact on fault slip, stress, and deformation in surrounding regions [Du and Aydin, 1996; Duan and Oglesby, 2005; Fialko et al., 2005; Fitzenz and Miller, 2004; Griffith and Cooke, 2005; Smith and Sandwell, 2003; Williams and Richardson, 1991] . However, many of these studies were either based on two-dimensional models or with oversimplified fault geometry. Some are kinematic models with prescribed slip rates [Smith and Sandwell, 2003; Williams and Richardson, 1991] , thus the effect of fault geometry on slip rates cannot be directly tested. In previous dynamic models [Du and Aydin, 1996; Duan and Oglesby, 2005; Fitzenz and Miller, 2004] , fault slip rates were not explicitly calculated. Furthermore, most studies have focused on the fault zone; the anelastic deformation outside the fault zone, hence the effects of fault geometry on off-main-trace seismicity, remain to be explored.
[4] In this study, we developed a three-dimensional dynamic finite element model to investigate how the particular geometry of the SAF may have impacted on longterm fault slip, stress pattern, and seismicity in California. 21 Pa s [Hager, 1991; Kenner and Segall, 2000; Pollitz et al., 2001] are explored. For both crust and mantle, the Young's Modulus is 8.75 Â 10 10 N/m 2 and the Poisson's ratio is 0.25. The SAF has a cohesion of 10 MPa, which is close to the upper bound permitted by heat flow data [Lachenbruch and Sass, 1980] , and an effective frictional coefficient of 0. Outside the fault zone, the upper crust is relatively strong, with a cohesion of 50 MPa and effective frictional coefficient of 0.4.
Model Description
[6] The model SAF has a uniform dip angle of 90°. It is simulated with a 4-km thick layer of special fault elements, which deform plastically when reaching the yield criterion. This process simulates relative crustal motion across the fault zone. We developed the finite element codes based on a commercial FE package (www.fegensoft.com) , and run the model on a 16-nodes PC cluster.
[7] The eastern side of the model domain is fixed, while the western side is loaded by a shear velocity of 49 mm/yr representing relative motion between the Pacific and the North American plates. Stress evolution is calculated at tenyear time steps. To minimize effects of artificial initial stress, the model is run till it reaches a steady state, which reflects the long-term slip on the SAF owing to tectonic loading from plate motion. We then calculated stress evolution over a period of tens of thousands of years with continuous tectonic loading. Over this time scale, the SAF creeps continuously. This is a long-term approximation of repeated rupture and locking on the SAF over shorter timescales. Outside the fault zone, excess stress over the yield strength is released by plastic deformation.
Model Results

Slip Rates on the SAF
[8] Although slip rates along the SAF remain somewhat uncertain [Becker et al., 2005; Meade and Hager, 2005 ; CGS], the general along-strike variations are clear (Figure 3) . The central segments of the SAF have the highest geological slip rates ($34 mm/yr). Slip rate on the northern segments of the SAF are lower (17 -24 mm/yr) because some of the slip is taken up by the closely subparallel faults (the Rodgers Creek Fault, the Hayward Fault, and the Calaveras Fault). Adding up slip rates on these faults brings the total rates to near 34 mm/yr. Over the Big Bend slip rate lowers significantly. The slip rate is $16 mm/yr on the Mojave segment, and even lower on the San Bernardino segment, with $15 mm/yr slip accommodated by the subparallel San Jacinto fault [Becker et al., 2005] .
[9] The model results indicate that such along-strike variation of slip rate may be largely explained by the geometry of the SAF. The relatively straight traces of the northern and central segments of the SAF, all subparallel to the direction of relative plate motion, account for the relatively high slip rate on these segments. Conversely, the Big Bend is shown to significantly hamper fault slip.
The absolute values of the predicted slip rates depend on the viscosity of the lower crust and uppermost mantle (Figure 3) . A value of 2 Â 10 20 Pa s provides a close fit for the northern and central segments of the SAF. For the southern segments of the SAF, the predicted slip rates are significantly lower than the geological value, but close to those inverted from GPS data [Becker et al., 2005; Meade and Hager, 2005] . Incorporating the series of weak faults and spreading centers to the southeast of the Salton Sea would produce a higher and better-fitting slip rate on the southernmost SAF.
Shear Stress and Seismicity
[10] Figure 4 shows the predicted steady-state maximum shear stress (js 1 À s 3 j/2), where s 1 and s 3 are first and third principle stress, respectively. In regions where the stress has reached the Drucker-Prager yield strength, the maximum shear stress is capped by the yield strength envelope: aI 1 + [11] The most conspicuous feature in Figure 4 is the broad area of high stress that spans over much of southern California where many of the large earthquakes occurred off the main-trace of the SAF. This is a direct consequence of the Big Bend. The small trans-compressive bending of the SAF south of the San Francisco Bay Area also causes a region of high stress, showing the sensitivity of stress field to fault geometry. The low shear stress around the northern part of the SAF results from the relatively straight SAF and a trans-extensional bend of the SAF near the Mendocino Triple Junction, which allows plastic deformation at lower shear stress. The low shear stress around the central SAF segments, which include the ''creeping'' section, arises solely from the relatively straight SAF. Assuming a weaker fault zone for the ''creeping'' section would further reduce the maximum shear stress in this part of the SAF.
Release of Plastic Strain Energy Outside the SAF
[12] In this model plastic deformation occurs both within and outside the fault zone when stress reaches the yield criterion. Figure 5 shows the predicted long-term rates of energy release outside the SAF, given by the product of stress tensor and the tensor of plastic strain necessary to absorb the excess stress. Again, the results indicate significant impact of the geometry of the SAF; each subtle bending of the SAF causes high plastic energy release in its surrounding. The Big Bend causes two elongated belts of high energy release. One is to the west of the SAF, coincides with the Palos Verdes Fault and the Coronado Bank Fault; the other coincides with the Eastern California Shear Zone (ECSZ). We have found that, if the San Jacinto fault, which absorbs a significant portion of the relative plate motion in southern California [Bennett et al., 2004] , is included in the model, the predicted energy release in the western belt weakens considerably, while energy release in the ECSZ amplifies and high energy release is distributed over the entire Mojave desert .
Discussion and Conclusions
[13] The results are affected by other model inputs besides the geometry of the SAF, noticeably viscosity of the lower crust and uppermost mantle, and the ratio between the cohesion of the upper crust outside and within the fault zone. High viscosity of the lower crust and upper mantle (>10 21 Pa s), and low cohesion ratio (<2) tend to cause more relative plate motion to be absorbed outside the SAF, thus weaken its geometrical impact. Within reasonable ranges of viscosity (4 Â 10 19 Pa s-10 21 Pa s) and cohesion ratio (>2), the main features of model results remain the same. The along-strike variation of the geological slip rates are best fit with a lower crust and mantle viscosity of $2 Â 10 20 Pa s (Figure 3) , which is higher than the viscosity ($10 19 Pa s) estimated from postseismic relaxation studies [Kenner and Segall, 2000; Pollitz et al., 2001] . This may be due to the much longer timescale (>10 3 years) considered in this model than that for postseismic studies (days to decades). As Pollitz [2003] has shown, the effective viscosity of upper mantle may increase as much as two orders of magnitude when the timescale of deformation increases.
[14] The model results provide useful insights into the observed along-strike variation of slip rate, stress, and seismicity, much of those may reflect the geometrical impact of the SAF. The relatively straight segments of central and northern SAF help to explain the relatively high slip rates and seismicity that clusters to the SAF main-trace. Each trans-compressive bending of the SAF causes high stress and high energy release, which are consistent with the clustered seismicity south of the Bay Area and the broad distribution of seismicity in southern California.
[15] Although the model includes only the main trace of the SAF, the coincidence of the resulting spatial pattern of plastic energy release with many of the secondary faults in southern California and the ECSZ (Figure 5 ) suggests that these faults may be genetically related to the geometry of the SAF, as suggested by others [Du and Aydin, 1996] . This may reflect the natural evolution of the plate boundary zone in searching for the most efficient way to accommodate the relative plate motion. Thus the initiation of the San Jacinto fault straightens the southern SAF and eases plate motion in this part of California, and the ECSZ, which absorbs 9 -23% of the relative plate motion [Dokka and Travis, 1990] , makes up some of the fault slip deficiency caused by the Big Bend. If the ECSZ further weakens, it may eventually replace the SAF as a straighter and hence more efficient fault zone to accommodate the North American-Pacific plate motion.
